Estrogen is the major hormonal regulator of bone metabolism in women and men. Therefore, there is considerable interest in unraveling the pathways by which estrogen exerts its protective effects on bone. While the major consequence of the loss of estrogen is an increase in bone resorption, estrogen deficiency is associated with a gap between bone resorption and formation, indicating that estrogen is also important for maintaining bone formation at the cellular level. Direct estrogen effects on osteocytes, osteoclasts, and osteoblasts lead to inhibition of bone remodeling, decreased bone resorption, and maintenance of bone formation, respectively. Estrogen also modulates osteoblast/osteocyte and T-cell regulation of osteoclasts. Unraveling these pleiotropic effects of estrogen may lead to new approaches to prevent and treat osteoporosis.
markers, the men were randomized to 4 different groups in order to rigorously delineate the relative contributions of estrogen and testosterone towards regulating bone turnover. At the end of the study, highly statistically significant results showed that estrogen accounted for 70% or more of the total effect of sex steroids on bone resorption in these older men, while testosterone could account for no more than 30% of the effect. These findings, combined with observations from numerous other clinical-investigative studies [summarized in (4) ], have now established that estrogen is a key hormonal regulator of bone metabolism not only in women, but also in men.
Despite the critical importance of estrogen for bone, it has proven to be remarkably challenging to define the precise mechanism(s) by which estrogen regulates bone metabolism. At the clinical level, treatment of postmenopausal women with estrogen leads to a marked and sustained reduction in urine or serum markers of bone resorption (6) . Changes in bone formation markers are more complex: there is a transient increase, followed by a sustained decrease (6) . Bone biopsy data, which is generally obtained months or years after starting estrogen replacement, correlate well with the bone marker data, with a reduction in indices of bone resorption (osteoclast [see Glossary] numbers, percent eroded surface) and bone formation (osteoblast numbers, bone formation rates) (7) . Withdrawal of estrogen (as in oophorectomy or menopause) leads to exactly the opposite changes: a marked increase in bone resorption and a coupled increase in bone formation indices (surrogate serum/urine markers and by histology) (8) . However, the increase in bone resorption following estrogen deficiency outstrips the increase in bone formation, leading to net bone loss.
Based on these fundamental clinical observations, basic research attempting to define the skeletal actions of estrogen has focused on defining how estrogen (a) inhibits bone resorption and (b) regulates bone formation. The latter is particularly challenging since, as noted above, estrogen treatment results overall in a decrease in bone formation, while chronic estrogen deficiency is associated with increased bone formation. And yet, early after initiating estrogen therapy, there is a transient increase in bone formation before the subsequent decrease. The complexity of this problem can be summarized as follows: estrogen deficiency results in an increase in bone formation, but there is a relative deficit in bone formation as compared to bone resorption. With this issue in mind, the subsequent sections summarize our current mechanistic understanding of estrogen effects on bone resorption and formation. Prior to doing so, however, it is important to briefly review the fundamental mechanisms of bone remodeling and the key role of the osteocyte in regulating bone turnover.
The bone remodeling compartment and central role of the osteocyte
In order to maintain structural integrity, the skeleton needs to constantly remodel and repair the microcracks that develop both in cancellous bone, the "spongy" bone present in the vertebrae, pelvis, and metaphyses of long bones, and in cortical bone, the compact bone present in the diaphysis of the long bones and surrounding the cancellous bone in the vertebrae and pelvis. This remodeling process occurs in basic multicellular units (BMUs) which include osteoclasts, osteoblasts, and osteocytes within the bone remodeling cavity (Figure 1 ). Recent work has demonstrated that the BMU is covered by a "canopy" of cells (most probably bone-lining cells) that form the bone remodeling compartment (BRC) and seem to be connected to bone-lining cells on the quiescent bone surface (9, 10) . In turn, these bone lining cells are in communication with osteocytes embedded within the bone matrix (10) . The canopy cells are also in close proximity to capillaries which may serve as a conduit for cells needed in the BMU.
Osteocytes play a key role in controlling bone remodeling. Osteocytes sense mechanical strain and the developing microcracks, respond to hormonal changes, such as estrogen deficiency, and are able to trigger bone remodeling, most likely via communication with bone-lining cells (11) . Bone remodeling begins by the initiation of bone resorption by osteoclasts, and consistent with the critical role of osteocytes in this process, recent studies have demonstrated that they represent an important source of receptor activator of NFκB ligand (RANKL) in bone (12, 13) , although it is likely that other cells in the bone microenvironment also contribute to the pool of available RANKL that regulates osteoclastogenesis (14) . RANKL is the key molecule needed for osteoclast development from myeloid precursors, and it is likely that the initiation of bone resorption by osteocytes involves a RANKL-mediated mechanism.
As alluded to earlier, a fundamental concept of bone remodeling is that of "coupling" between bone resorption and bone formation. Thus, once osteoclasts have completed their work of bone resorption (for example, clearing away a microcrack in bone), they recruit osteoblasts via a number of potential mechanisms to refill the resorbed cavity and thereby maintain the overall integrity and strength of the skeleton. Although this is clearly an evolving area, there appear to be two fundamental mechanisms for osteoclastic recruitment of osteoblasts: first, osteoclastic bone resorption leads to the release of growth factors from the bone matrix which, in turn, increase osteoblast number, differentiation, and/or activity. To date, transforming growth factor beta (TGFβ) has been identified most convincingly as one such "coupling" growth factor (15) , but other candidates include insulin-like growth factor I and II (IGF-I and -II), as well as bone morphogenetic proteins (BMPs) (16) . Second, osteoclasts appear to directly regulate osteoblasts both via cell-cell contact and by secreted factors. To date, ephrinB2, a transmembrane protein expressed on osteoclasts and its engagement with its receptor, EphB4, on osteoblasts, leading to bi-directional signaling between these cells, is one of the cell-cell contact mechanism mediating cross-talk between these cells. Binding of ephrinB2 to EphB4 leads to a suppression of osteoclastic activity and enhances osteoblastic differentiation (17) ; however, further studies are needed to define the extent to which ephrinB2-EphB4 signaling in osteoblastic cells results in the coupling of bone formation to bone resorption. Moreover, recent studies have also found that mature osteoclasts may also negatively regulate bone formation (18) . Thus, osteoclasts have been shown to express semaphoring 4D (Sema4D, previously shown to be an exon guidance molecule). Binding of Sema4D to its receptor, Plexin-B1, on osteoblasts leads to an inhibition of osteoblastic activity and bone formation.
Mature osteoclasts also secrete a number of osteoblast simulatory factors, including the secreted signaling molecules Wnt10b, BMP6, and the signaling sphingolipid, sphingosine-1-phosphate (19) ; these factors, along with other, as yet unknown secreted factors, serve to increase osteoblast number and/or activity. This coupling of bone resorption to bone formation explains, at least in part, why decreases in bone resorption are generally followed by parallel decreases in bone formation. As noted above, estrogen treatment leads to a rapid decrease in bone resorption followed by a somewhat later decrease in bone formation. Other drugs that inhibit bone resorption, such as bisphosphonates (20) or an antibody to RANKL (21) lead to similar decreases in bone formation.
Given the central role of the osteocyte in regulating the activation of bone remodeling and bone resorption, a logical question is whether this is the key estrogen target cell in bone? Tomkinson et al. (22) initially demonstrated that estrogen deficiency induced by GnRH treatment in premenopausal women leads to a 4-fold increase in osteocyte apoptosis in bone biopsy samples, as assessed by the percentage of osteocytes displaying DNA breaks using an in situ nick translation technique. Subsequently, these investigators confirmed these findings in rats, showing that ovariectomy results in similar, 4-fold increases in osteocyte apoptosis in cancellous and cortical bone in the tibia (23) . The biological relevance of the osteocyte apoptosis following estrogen deficiency was demonstrated in a more recent study by Emerton et al. (24) where treatment of ovariectomized mice with a pan-caspase inhibitor prevented the increase in osteocyte apoptosis present in the cortical bones of untreated, ovariectomized mice and also prevented the increase in osteoclastic bone resorption on endocortical surfaces normally observed following ovariectomy. A limitation of this study, however, was that the investigators did not report on changes occurring in cancellous bone.
In vitro studies using MLO-Y4 osteocyte-like cells have demonstrated that 17β-estradiol can prevent etoposide-induced apoptosis of these cells (25) . This effect appears to be due to an estrogen-induced activation of the nitric oxide/cGMP/cGMP-dependent protein kinase cascade leading to pro-survival signaling due to phorphorylation of the pro-apoptotic protein Bcl-2 associated death promoter (BAD). Collectively, these findings suggest that the osteocyte is, indeed, an important target for estrogen action and that an increase in osteocyte apoptosis following estrogen deficiency triggers an increase in bone remodeling and resorption. Moreover, given the recent evidence noted above for the osteocyte being an important source of RANKL in bone (12, 13) , it is possible that osteocyte apoptosis results in an increase in RANKL in the bone microenvironment, perhaps due to RANKL release from the apoptotic osteocytes or via effects of the apoptotic osteocytes on neighboring, viable osteocytes. Clearly, further work is needed to establish just how osteocyte apoptosis might trigger increased bone resorption.
Despite the evidence noted above for estrogen effects on osteocyte apoptosis, a preliminary report by Imai et al. (26) found that deletion of ERα from osteocytes using a Crerecombinase driven by the dentin matrix acidic phosphoprotein 1 (DMP1) promoter failed to have any effect on osteocyte apoptosis or on bone resorption, although the number of osteoblasts on bone surfaces and bone formation rates were clearly reduced. Possible explanations for these surprising findings include compensation for loss of ERα by ERβ, or that incomplete deletion of ERα in osteocytes by the Cre-recombinase led to a sufficient pool of estrogen-sensitive osteocytes, leading to overall effects distinct from those seen following estrogen withdrawal.
Direct and indirect effects of estrogen on osteoclasts
Consistent with earlier studies showing the presence of estrogen receptors in osteoclasts (27) , recent studies have clearly demonstrated that the osteoclast is a direct target for estrogen. Nakamura et al. (28) and Martin-Millan et al. (29) found that osteoclast-specific deletion of ERα (using either a cathepsin-K or lysM Cre, respectively) resulted in decreased trabecular bone mass. This was due, at least in part, to an increase in osteoclast lifespan as a consequence of reduced osteoclast apoptosis. In addition to inducing osteoclast apoptosis, estrogen blocks RANKL/M-CSF-induced activator protein-1-dependent transcription, through a reduction of c-jun activity (reduces c-jun expression and decreases phosphorylation), and suppresses RANKL-induced osteoclast differentiation (30) (31) (32) . Finally, estrogen inhibits RANKL-stimulated osteoclastic differentiation of human monocytes by inducing ERα binding to a scaffolding protein, BCAR1; the ERα/BCAR1 complex then sequesters TNF receptor associated factor 6 (TRAF6), leading to decreased activation of NFκB and impaired RANKL-induced osteoclastogenesis (33) .
In addition to these direct effects on osteoclasts, estrogen also appears to indirectly regulate osteoclast formation and activity. Combined in vitro and in vivo studies have demonstrated that estrogen suppresses RANKL production by osteoblastic, T-and B-cells (34) and also increases production of the decoy receptor for RANKL, osteoprotegerin (OPG) (35, 36) . Estrogen has also been shown, at least in mouse models, to modulate the production of a number of bone-resorbing cytokines, including interleukin (IL)-1, IL-6, tumor necrosis factor-α (TNF-α), macrophage-colony stimulating factor (M-CSF), and prostaglandins (37) (38) (39) (40) (41) (42) . Additionally, the bone resorptive effects of TNF-α are well documented and can be reversed using a soluble type I TNF receptor (43) . To evaluate the possible role of IL-1 and TNF-α in mediating increases in bone resorption following estrogen deficiency in humans, Charatcharoenwitthaya et al. (44) administered anakinra or etanercept, specific blockers of IL-1 and TNF-α, respectively, to postmenopausal women following acute estrogen withdrawal. Each of the two blockers reduced the rise in bone resorption markers to about one half of that in controls, consistent with an important role for these immune cytokines in mediating the effect of estrogen deficiency on bone not only in mice, but also in humans.
Pacifici and colleagues (45, 46) have proposed that the rapid bone loss following loss of estrogen is due to an expansion of T cells leading to increased TNF-α levels in the bone microenvironment, thereby indirectly enhancing osteoclastogenesis. This group demonstrated that nude mice, which lack T lymphocytes, did not lose bone following ovariectomy (46) . Other investigators, however, have found that nude rats (47) and nude RAG2-or TCR-α-deficient mice (all lacking functional T-lymphocytes) lost similar amounts of cancellous bone, following ovariectomy, as wild-type mice (48) . Of note, while RAG2 knockout mice lost cortical bone following ovariectomy, nude mice did not. Thus, effects of T-cells in mediating bone loss following estrogen deficiency may be bone compartment specific and may differ between various T-cell deficient models.
Collectively, these data demonstrate that estrogen has numerous direct and indirect effects on osteoclast formation, activity, and lifespan. While the direct effects on osteoclasts mediated by ERα have emerged as perhaps the most dominant, there is considerable evidence for indirect effects of estrogen on osteoclasts mediated through osteoblastic and Tcells.
Estrogen effects on bone formation
As described earlier, the increase in bone remodeling and in bone resorption in the estrogen deficient state is associated with an increase in bone formation at the tissue level. However, at each BMU, there remains a gap between bone resorption and formation, because the rate of formation is not able to keep up with the rate of resorption, resulting in a net loss of bone. By inference, therefore, sex steroid deficiency is associated with a defect in bone formation. Based on the available evidence, there are currently at least three key mechanisms by which estrogen deficiency may lead to a relative deficit in bone formation through direct effects on osteoblasts: increased apoptosis, increased oxidative stress, and an increase in NF-κB activity.
Estrogen has been shown to inhibit osteoblast apoptosis and increase osteoblast lifespan (49) , thereby increasing the functional capacity of each osteoblast. At a molecular level, the effects of estrogen on reducing osteoblast apoptosis are due to activation of the Src/Shc/ ERK signaling pathway (49) and downregulation of JNK, which alters the activity of a number of transcription factors, including Elk-1, CCAAT enhancer binding protein-β (C/ EBPβ), cyclic adenosine monophosphate-response element binding protein (CREB), and cJun/cFos (50) .
A series of studies in mice by Manolagas and colleagues have shown that advancing age increases markers of oxidative stress in bone (51) . Products of oxidative stress, including reactive oxygen species (ROS), attenuate osteoblastogenesis and decrease osteoblast/ osteocyte lifespan; conversely, ROS are required for osteoclast generation, function, and survival. Oxidative stress inhibits bone formation, in part, by antagonizing Wnt signaling and diverting β-catenin from TCF to FoxO-mediated transcription factor binding sites (52) .
Interestingly, the effects of aging on oxidative stress are recapitulated by the loss of estrogen; moreover, effects of estrogen deficiency on bone are reversed by antioxidants (51) . Thus, aging and estrogen deficiency may lead to impairment in bone formation through similar mechanisms involving oxidative stress.
Elegant in vivo studies by Chang and colleagues (53) have demonstrated that estrogen deficiency led to a marked increase in NF-κB activity in osteoblastic cells. In addition, inhibition of NF-κB resulted in attenuated bone loss following ovariectomy due to a reduced gap between bone resorption and bone formation. NF-κB inhibition resulted in increased expression of Fos-related antigen 1 (Fra-1), a transcription factor essential for bone matrix formation. Thus, increased NF-κB activity may mediate, at least in part, the relative deficit in bone formation following estrogen deficiency.
In human studies, estrogen treatment of either postmenopausal women or men with induced hypogonadism (54) also results in a decrease in peripheral blood and bone marrow plasma levels of the potent inhibitor of bone formation, sclerostin. To the extent that changes in bone marrow plasma or peripheral blood sclerostin levels reflect those occurring within osteocytes in bone, estrogen-mediated suppression of sclerostin production may be another possible mechanism for estrogen effects on bone formation, although further studies addressing this issue are clearly needed.
Despite these findings indicating effects of estrogen in maintaining bone formation, recent studies using mice with a col1α1 promoter driven Cre to delete ERα in osteoblastic cells found virtually no skeletal phenotype (55) . Deletion of ERα earlier in the osteoblast lineage (using a Prx-Cre) did lead to a reduction in cortical, but not cancellous bone mass (55) . These findings contrast with the clear phenotype noted earlier in mice with osteoclastspecific deletion of ERα (28, 29) . As such, while estrogen clearly modulates bone formation in vivo, the stage at which estrogen may regulate osteoblast function or lifespan, the potential role of ERβ in modulating or compensating for loss of ERα, and the precise mechanisms by which estrogen deficiency leads to the observed gap between bone resorption and bone formation and ultimately, to bone loss, remain unclear and are active areas of investigation.
A further complexity regarding the effects of estrogen on bone formation is that these effects appear to be bone envelope-specific [reviewed in (56) ]. The overall evidence, principally from rodent studies, indicates that estrogens limit periosteal bone expansion but stimulate endosteal bone apposition in females. By contrast, androgens stimulate radial bone expansion in males. In males, optimal radial cortical bone expansion appears to require both androgen receptor (AR) and ERα signaling, with the effects of estrogen/ERα being mediated, at least in part, via interactions with the IGF system (56).
Concluding remarks
Estrogen clearly has pleiotropic effects on bone metabolism and considerable work over the past several decades by multiple laboratories is beginning to unravel the complexity of estrogen regulation of bone turnover. Figure 2 provides a summary of estrogen effects on the key cells involved in bone metabolism: osteocytes, osteoblasts, osteoclasts, and T-cells, keeping in mind that this is very much a working model and considerable additional details still need to be filled in by ongoing and future work. Estrogen inhibits the activation of bone remodeling, and this effect is most likely mediated via the osteocyte. Estrogen also inhibits bone resorption, largely by direct actions on osteoclasts, although estrogen modulation of osteoblast/osteocyte and T-cell regulation of osteoclast formation and activity are likely also important. Estrogen deficiency is associated with a gap between bone resorption and bone formation. While there are multiple possible mechanisms for this, estrogen effects on decreasing osteoblast apoptosis, oxidative stress, and osteoblastic NF-κB activity appear to be key mediators of the ability of estrogen to maintain bone formation. Understanding each of these mechanisms of the osteoprotective effects of estrogen is likely to lead to new approaches targeting these pathways for the prevention and treatment of osteoporosis. The bone remodeling compartment (BRC) comprises the cells constituting the basic multicellular unit (BMU) -specifically osteoclasts (OCs), osteoblasts (OBs), and osteocytes -as well as the canopy of bone-lining cells and the associated capillary. Shown also are connections between the osteocyte network, surface bone-lining cells, and the BRC. All cells in this network are connected with gap junctions, which might provide a pathway (block arrows) by which signals generated by osteocytes deep within the bone reach the surface and elicit remodeling events by OCs and OBs. Note also the potential direct physical contact between OCs and OBs, which would allow for signaling between these cells. The main effect of estrogen is to inhibit bone remodeling, likely via the osteocyte. Estrogen also inhibits bone resorption, principally by directs effects on osteoclasts, although effects of estrogen on osteoblast/osteocyte and T-cell regulation of osteoclasts likely also play a role. Estrogen deficiency is associated with a gap between bone resorption and bone formation, likely due to the loss of the effects of estrogen on decreasing osteoblast apoptosis, oxidative stress, osteoblastic NF-κB activity, and perhaps other, as yet undefined, mechanisms.
